Abstract: Although, the antiarrhythmic effect of amiodarone (AMD) is well characterized, the mechanism of its toxicity on extracardiac tissues is still poorly understood. Several antioxidants have been shown to prevent AMD-induced toxicity by antioxidant and/or non-antioxidant mechanisms. In the current study, we evaluated the possible protective effect, in vitro, of vitamin C on AMD-induced toxicity in rat thymocytes. Rat thymocytes were cultured with increasing AMD concentrations (1-20 µM) with or without vitamin C (1000 µg/ml), for 24 hours. Cells treatment with AMD resulted in a concentration-dependent increase of hypodiploid cells and a significant decrease in cellular glutathione content. Vitamin C combined with AMD significantly decreased the proportion of hypodiploid cells and markedly increased the cellular glutathione content, compared with AMD treatment alone. These results suggest that treatment with vitamin C may prevent AMD-induced toxicity in rat thymocytes by restoring cellular glutathione content.
Introduction
Amiodarone (AMD) is a strong class III antiarrhythmic agent frequently used in clinical practices. The antiarrhythmic effect of AMD is derived from its multichannel blocking effects, including blocking of potassium and sodium channels and beta receptor blocking [1] . On the other hand, administration is often limited by its toxic side effects (pulmonary, liver, thyroid and cardiomyocytes toxicity), and drug withdrawal is often necessary [2] [3] [4] [5] [6] . When administered at higher concentrations, AMD induces mitochondrial swelling, collapse of the mitochondrial membrane potential [7] , and apoptosis [5] . AMD-induced cytotoxicity on the cells of the immune system has been also documented in thymocytes [8] and monocytes [9] , and also a cellular immunity-decreasing effect has been demonstrated in splenocytes [10] . The ability of AMD to generate the free radicals that may be involved in the pathogenesis of its toxicity has been controversial recently: Some studies have proposed this to be the source of its toxicity [11, 12] and other authors have argued that oxidative stress is not involved in the pathogenesis of AMD toxicity [13, 14] . Further, despite some reports suggesting that the potential mechanisms of AMD-induced toxicity include direct cytotoxicity, the development of lysosomal phospholipidosis, and membrane destabilization [15, 12] , the precise mechanism of AMD toxicity remains poorly understood.
Vitamin C (ascorbic acid) is an essential water soluble nutrient that primarily exerts its effect on hostdefense mechanisms and immune homeostasis [16] . Under physiological conditions, it functions as a potent reducing agent that efficiently quenches potentially damaging reactive oxygen species (ROS) produced by normal metabolic respiration [17] . Vitamin C enhances antioxidant defenses of T cells, T cells' responsiveness to antigens, and inhibits T cell apoptosis-signaling pathways, indicating a significant role in regulating the immune function [18, 19] . Currently, a protective effect of different antioxidants on AMD-induced oxidative stress has been documented in liver [3] and splenocytes [12] , but has not been studied in the thymus. Therefore, the present study was designed to evaluate the effect of vitamin C on AMD-induced cytotoxicity in the rat thymus, and to assess whether this effect includes the changes in cellular glutathione content.
Material and Methods

Animals
Experiments were performed on adult male Wistar rats (140-170 g), 8-10 weeks old, bred at the Vivarium of the Institute of Biomedical Research, Medical Faculty, Nis, under conventional laboratory conditions. The experimental animals were treated in accordance with national animal protection guidelines.
Materials
The culture medium (CM) was prepared using RPMI 1640 (Sigma, St Louis, MO, USA), according to the manufacturer's instructions. The CM contained 25 mM HEPES, 2 mM glutamine, penicillin (100 U/ml), streptomycin (100 μg/mL), and 10% fetal calf serum (FCS).
Propidium iodide (PI) was purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA. Vitamin C (L-ascorbic acid) was obtained from Galenika a.d., Belgrade, Serbia, and amiodarone from EBEWE Pharma Ges, Unterach, Austria.
5-chloromethylfluorescein diacetate (5CMF-DA) was purchased from Molecular Probes, Eugene, OR, USA.
Preparation of thymocytes
Thymocytes were isolated as described in a previous study (20) . Briefly, thymus was aseptically removed and placed in cold CM containing 10% FCS. The thymocytes were released by sliding the thymus along the steel mesh. Cell suspensions were filtered through a sterile nylon filter to remove stroma; the cells were then washed twice with cold CM containing 10% FCS. The viability of the freshly isolated cells was always above 94% (trypan blue exclusion test).
Cell culture
Isolated thymocytes were seeded into 96-well round bottomed plates (NUNC, Aarhus, Denmark) at a density of 1x10 6 cells/well. Cells were treated with increasing concentrations of AMD (1-20 µM), vitamin C (1000 µg/ ml), AMD and vitamin C, or in CM only (controls). All cell cultures were done in triplicate and cultivated for 24 hours in an incubator (Galaxy, Wolf laboratories, USA) with 5% CO 2 at 37 o C. Concentrations of the AMD and vitamin C used in this study were adopted from previous reports [8, 18] regarding the effect of these compounds on thymocyte toxicity.
Apoptotic DNA analysis
Thymocytes undergoing apoptosis were identified by their reduced relative nuclear DNA content using PI staining as originally described [21] . Apoptotic single cells were detected using a flow cytometer (Coulter XL-MCL) as a reduction in the fluorescence of the DNAbinding dye PI in the apoptotic nuclei. The percentage of apoptotic cells (the subdiploid DNA peak in the DNA fluorescence histogram) was determined.
Measurement the cellular content of glutathione (GSH)
The cellular content of GSH in thymocytes was estimated by 5-chloromethylfluorescein diacetate (5CMF-DA) as described previously [22] . A direct relationship between the intensity of 5CMF-DA fluorescence and the cellular content of glutathione, with correlation coefficient of 0.965 between them, has been documented earlier [22] . GSH levels were detected with a Perkin-Elmer fluorimeter (Wallac Victor 2 V, Turku, Finland), using an excitation wavelength of 480 nm, while fluorescence emission was collected at 525 nm. For each sample, basal fluorescence intensity values were subtracted from those obtained after different treatments and results are presented as ratio of mean fluorescence intensity (MFI).
Statistical analysis
All values are expressed as mean ± SD. Comparisons among groups were carried out using the analysis of variance (ANOVA) coupled to the Dunnett's and Tukey's post hoc tests. A p value < 0.05 was considered significant.
Results
AMD-induced thymocyte apoptosis was evaluated by flow cytometric analysis in which the appearance of the subdiploid peak indicated the hypodiploid DNA of apoptotic cells. The percentage of hypodiploid cell concentration dependently increased following a 24-hour exposure to AMD. The effect of AMD reached statistical significance at 10-and 20-µM of the drug (Table 1) ; the addition of vitamin C significantly decreased (p < 0.05) the percentage of hypodiploid cells after AMD treatment.
Since a decrease in cellular glutathione content is a common feature in cytotoxic actions induced by some drugs, to further evaluate the effect of AMD on rat thymocytes, cellular glutathione content of rat thymocytes was examined. We found that AMD treatment resulted in a significant dose-dependent decrease in 5CMF-DA fluorescence intensity, indicating the decrease in cellular content of glutathione (Figure 1) . These results correlated with the increased percentage of hypodiploid cells. On the other hand, simultaneous treatment with AMD and vitamin C markedly ameliorated the 5CMF-DA fluorescence intensity (p < 0.05, p < 0.01), suggesting a significant increase in the cellular content of glutathione (Figure 1 ).
Discussion
Apoptosis is an essential process underlying multicellular organism development and function. In the immune system, apoptosis is required for lymphocyte development and homeostasis. The dysregulation of immune homeostatic mechanisms leads to a variety disorders, including infections, allergy, immunodeficiency, and cancer [23] . The thymus, an important primary lymphoid organ where successive stages of cell development generate functionally competent T cells, is a target for various stimuli that may modulate thymic cell differentiation and apoptosis [24] .
The results of this study showed that treatment with AMD was able to induce thymocyte apoptosis in vitro. These findings correlated with a marked decrease in the cellular content of glutathione, as determined by 5CMF-DA fluorescence intensity. AMD-induced apoptosis has been shown in rat thymocytes [8] , human monocytes [9] , and also in different nonimmune cells, including cardiomyocytes [6] , alveolar epithelial cells [2] , thyroid cells [5] , and hepatocytes [4] . Adverse effects of AMD on cell immune responses have been reported to be mediated by phospholipase inhibition or drug-induced oxidative stress and membrane destabilization [15, 10] . Our results showing evidence of glutathione involvement in AMD-induced thymocyte apoptosis are in line with the findings that AMD induced pulmonary and liver toxicity with glutathione depletion and the resulting oxidative stress [3] . Glutathione is the major low molecular weight antioxidant in cells, and its levels often decrease during oxidative stress. Robinson et al. [25] demonstrated impaired T cell and macrophage immune function in rats upon glutathione depletion. Taken together with our results, it seems that exposure of thymocytes to AMD leads to reduction of intracellular glutathione content, which may have an important role in development of oxidative stress and resulting cytotoxicity. Since the oxidant-antioxidant balance is an independent regulator of immune response, and prooxidant predominance results in decreased immune functions, an alternative mechanism for the unfavorable immunological effects of AMD may be its free radical-generating effect [10] .
Antioxidant vitamins have a number of biological activities, including immune stimulation and alteration of the metabolic activities of carcinogens. These vitamins can also prevent cell toxicity by inhibiting the DNA damage induced by reactive oxygen metabolites [26] . The present results showed that vitamin C treatment ameliorated the reduced cellular glutathione content and markedly decreased the apoptosis rate of thymocytes, suggesting a protective role for vitamin C on AMDinduced cytotoxicity. A preventive role of antioxidants against AMD-induced toxicity has been demonstrated in liver [12] , lung [3] , and splenocytes [10] ; in this study we have demonstrated a protective role for vitamin C in thymocytes. Vitamin C is a low molecular weight antioxidant that defends the cellular compartment against water-soluble oxygen and nitrogen radicals. It has been demonstrated that vitamin C could modulate the immune system by enhancing the antioxidants properties of T cells and inhibiting T cell apoptosis-signaling pathways [18, 16] . A direct redox relationship between vitamin C and glutathione is well documented [27] , and it is based on the glutathione-sparing effect of ascorbic acid under oxidative stress. However, another study showed that vitamin C can elevate intracellular glutathione levels through the pentose phosphate pathway [28] , although it may not be the main protective mechanism of vitamin C during oxidative stress. Indeed, other studies have proposed that reactive oxygen species sensitize T cells to apoptosis by decreasing Bcl-2 protein expression [29, 30] . Such observations are consistent with findings that ascorbic acid prevents apoptosis by upregulating the Bcl-2 protein expression in various cell types [31] and also those of our recent report in rat thymocytes [32] . By detoxifying ROS, antioxidants may thereby reverse the ROS-induced decline in Bcl-2 and prevent cellular death [29, 33, 34, 35] .
Conclusions
To summarize, in vitro application of vitamin C exerted a protective role against AMD-induced apoptosis and cellular glutathione depletion in rat thymocytes. Thus, sufficient intake of vitamin C by individuals might have an important role in the preventive effect of antioxidants against AMD-induced toxicity and immunosuppression.
